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1.0 INTROD UCTION

The first totally unexpected result of space astronomy was the discovery

of strong X-ray sources outside the solar system.

Because of atmospheric absorption, X-rays, of course, cannot be

observed with land-based instruments. The aititude requirements for X-ray

astronomy become clear from an examination of Fig. 1, showing the altitude

where electromagnetic waves of different wavelengths arrive with different

degrees of attenuation (1/2, 1/10, 1/100). One sees th_:t X-rays with

wavelength A greater than about one A (quantum energy ?, smaller than

12 keV) can be observed only at altitudes greater than 5C kin, which can
X

be reached only by rockets 9r space vehicles. X-rays _ ith quantum

: energies E greater than about 15 keY, on the other hard, pe.-ctrate to

akitudes of the order of 30 kin, which are within the range of balloon flights,

Even beyond the atmosphere, X-ray astronomy is limited by the

absorption ir interstellar space. This _s shown in Fig. 2; the curves

represent the density of interstellar matter (in atoms per cm 3) times the

distance (in light years_ corresponding to various degrees of attenuation,

plotted against wavelength. Since the average density of interstellar

¢,
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Fig. 1 Attenuation of electromagnetic rodtatton in the atmosphere. Solid curves indicate
altitude (and corresponding pressure expressed _s a fraction of one atmosphere) at which a

: givan attenuation occurs for radiation of a given wavelength.
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1_1g.2 Attent_tton of electromagnetic radiation in interstellar space. The ordinate repre-
sents the integrated particle density in terms of light years times the number of particles per
cc. The scud cu_res give the integrated density at which a given attenuation occurs for
radiation of a given wavelength. O(10, He(10 and He(L) indicate the K absorption edges of
O and He, and the L absorption edge of He. The ordinates corresponding to the Crab
Nebula and the galactic center are calculated using the known dlst&nce to these ob acts and
an assumed pertic|e density of 0.3 atoms per cc. and one atom per cc. respectively.
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3
matter is of the order of 0.3 atoms per cm , we see that, for wavelengths

less than about 6A, the whole Galaxy is essentially transparent; while

X-rays with wavelengths greater than about i00A can re_ch the earth only

from sources cl( set than 100 light years.

Extrasolar X-rays were first detected by means of a rocket launched
(I)

in lune 1962 by Giacconi, Gursky, Paolini of AS&E and Rossi of MIT.

The detectors were Geiger counters without a collimator and, therefore,

with a wide field of view. The results revealed the existence of a strong

source in the constellation Scorpics not far from the gatactic center, of

a possibJe secondary source in the constellation of Clgnus and of a diffuse

X-ray background, apparently also of celestial origin. Two additional

rocket experimects by the same group (October 1962 and lune 1963),_2)-

with similar instrur_entation, confirmed these results and gave a slight

indication of another" source in the general direction of the Crab Nebula.

In the meantime, (April 1963), a collimated counter, flown by a group at

the Naval Research laboratory under I_. Friedman, again detected the

Scorpio source. (3) The improved resolution made it possible to plaJe an

upper limit of 5° to its ang.,lar diameter and to determine its location with

an accuracy of about 2°. Since the galactic center was below the horizon

at the time of this flight, the X-ray sourc- was certainly not coincident

with the galactic center. The same flight provided clear evidence for

another weaker source in taurus, within about 2° of the Crab Nebula, and

also confirmed the existence of the diffuse background.

In July 1964, the NRL group, using a pointing rocket, succeeded in
(4)

observing the occultation of the Crab Nebula by the Moon. This

remarkable experiment showed that the X-ray source in Taurus was indeed

3
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coincident with the Crab Nebula and had a full width of about 1 arc

minute.

In addition)to this flight,fiveotherrocket flightswere c_rriedout

in 1964, two by the NRL group, two by the AS&E-MIT group, and one by

a group at Lockheed headed by Fisher. These flightsreconfirmedthe

source in Scorpius.They also detected a complex of sources in the galactic

plane, clusteredwithin about 20° of the galacticcenter, and some additional

sources in the constellationsof Cygnus and Serpens.

The year 1964 saw also the firstsuccessful attempt to observe X-rays
(5)

from celestialobjects by means of balloon-borne instruments.

Figure 3 show_ the region of the sky thathas been explored thus

far,and the approximate locationsof the X-ray sources thathave been

detected.

2.0 INSTRUMENTATION

2.1 X-ray Detectors

A necessary tequlrementof the detectorsforX-ray astronomy is

high efficiencyand largeeffectivearea because ,he fluxof X-rays from

celeszialsources_ although strongerthan had been anticipated_is quite

small.

The detectorsused so farbelong to threedifferentcategories.

2.I.I Gas Counters (Geigeroounters and proportionalcounters).

These instrumentsmay be made in a varietyof sizes and

shapes. Figure 4 shows a typicaldesign. Their operationas X-ray detectors

is based p_marily on the productionof secondary electronsby the photoelectric

4
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Fig. 4 Schematic drawing of a thin-window gas counter used for the detection of soft X-rays.
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Fig. 5 Calculated efficiency of qas counters with ar,_on filling and different windows.
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effect of the photons in the gas, and on the cascadt, multiplication of

the ions p_oduced by these electrons. The counters must be provided

with windows thin enough to let X-rays through, yet sufficiently stron.',

to withstand the gas ;re-sure. The efficiency of a counter, _ ,

is the product of the probability for an X-ray photon to traverse the window,

times the probability for the photc._ to be absorbed in the gas. It is thus

given by th_ equation:

-p. wXw -_ x
(A.)=.e (l-e g g) (I)

where _tw and _g are the absorption coefficients of the window and the gas,

x and x the respective thicknesses. Since F w and _g depend strongly onw g

wavelength k, _ is also a function of _ ; in fact, _ is appreciably

different from zero only within a certain range of wavelengths, which d_pends

on the atomic numbe and on the thickness of the window and of the gas.

The long wavelength limit of the sensitive region is determined by the window

becoming opaque and the short wave_.ngth limit by the gas becoming t-ans-

parent. Thus, a thin, low-Z window and a low Z gas filling will tend to

make the counter preferentially sensitive to long wavelengtt s; with a

comparatively thick window and a high-Z gas filling, on the other hand,

the counter will discriminate in favor of short wavelengths. Ezamples of

efficiency ftmctions for gas counte_s with argon filling and different

windows appear In Fig. 5.

The lower limit on the window thickness of a gas counter is set by

the practic.,1 problem of achieving a gas-tight seal. If one insists on this

requirement, it is difficult to extend the upper limit of the sensitivity range

beyond at _ut IOA, although the transmission curves of certain materials

7 Jill
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have "windows" at somewhat longer waveleagths (e. g., aluminum has a

"window" from 8A to about 15_).

The long wavelength limit may be extended by relaxing the requirement

that the window be gas tight. Although very thin wind Jws (less than several

hundred micrograms/cm 2) invariably leak_ a gas reservoir and pressure

regulator may hold the gas pressure in the counter constant within a few

percent for the short pe, lod of a rocket flight. rhis zs essential because

the gas multiplication factor is very sen._i' ,.,_.- tc pressure.

By a suitable choice of voh_ge bet_vcen the case an-I the wiresj a

gas counter may be operated _s a Geiger counter or as a pro_-_rtional

counter (the first mode of _.ceration requiring a higher voltage _::an the

second). As a Getger tour.tar, the detector gives pulses of v- ' -._m size_

irrespective of the number o . pairs N produced in the gas. .._ the

r.roportional counter regime, _Le size of a pulse is proportio,_,," : "._ N. The

average value of N, Nay, is _:.pon.:o_.cl to the energy dis: r.:-,._d in the gas.

If the stopping power of the gas is sufficiently la_ae, _ .'. : • _'gy may be

taken as equal to the photon energy E(*) _o _hat _Je c • "..'_e:

N - E/_, (2)
av o

(*)W_en a photon undergoes photoelectric absorptionj the photoelectron

acquires a kinetic energy equal to the photon energy minus the atomic binding

energy which may be a substantial fraction of the photon energy. However,

most of the binding energy will appear promptly in the form of de-excitation

radiation or of kinetic energy of an Auger electron. If the stopping power of

the gas is sufficient to absorb all of the electrons and photons emitted

subsequent to the process of photoelectric absorption, the energy dissipated

in the gas will be practically equa! _o that of the photon.

8
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where E° a characteristic energy depend,-_nt en the gas (e. g. _ E = 27 eVo

for argon). Thus, the pulse height distributioh of a proportional counter

is directly related to the spectrum of the observed radiation. The coun'ter,

however, has a limited spect:al resolutionj for two seFarate reasons. In

the first place, there may be cases where not all of the erergy ot the

photon which has undergone photoelectric absorption is dissipated in the

gas {this effect he.comes increasingly important with increasing photon eaergy).

In the second place, the actual value of N co_Tesponding to a given energy

dissipation undergoes statistical fluctuations around N (this effectav

becomes increasingly important as the photon energy decreases). Note that

only if the counter is carefully designed will the multiplication factor

remain essentially constant over its sensitive volume.

Examples of actual pulse height distributions obtained with a

proportional counter exposed to monoenergetic X-rays of different energies

appear in Fig. 6.

With detectors of the type described, ultravieiet rays, cosmic rays

and other charged particles of lower energy are possible sources of back-

ground. It is easy to protect the detector aaainst ultraviolet rays by a

proper choice of the window. In order to reduce the cosmic-ray kackground,

the counters are often set into a well-type scintillation counter whose

output pulses are placed in anticoincidence with those of the X-ray counter.

Low-energy charged particles, particularly electrons, whose energy is

sufficient to traverse the window but not to penetrate the anticolncidence

counter cannot be eliminated, and, therefore, represent a source of

background that must be taken into consideration.

9
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Fig. 6 Pulse-height dtstr/butions obtained wl<h a proportional counter exposed to mono-

energetic X-rays generated by K-c_pture (i.e., Sr°'5), isomerlc transition (Sin 119) and E-
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FIg. 7 Schematic drawing of a scintillation counter use<] fcr the detection of scft X-rays.
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2. I.2 ScintillationCounters

Figure 7 shows, as an example, th3 design of a

scintillatiorcounter used in several rocket experiments. X-ray quanta,

incident on the thin slab of scintillatingmaterial (e.g. Nal c,-,stal)produce

secondary eJectrons by photoelectric effect. Practically all of these come to

rest in the scintillator,giving light pulses proportional to their energy.

Some of the photons thus produced reach the pnotocathode of the photomultiplier,

releasing a certain number N of photoelectrons. The photomultiplier output

is closely proportional to N.

The e,:ficiencyof the detector is the product of two terms. The

firstis the probability for the X-ray photon to i_roduce a photoelectron in

the scintillatin mate;ial; this probability depends on the thickness and

on the atomic number of the scintillator,being high fc_ a hlgh-Z sclntillator

(such as Nal), and low for e low-Z scintillator(such as anthracene), "_he

second term is the probability that at :east one photoelectron be released

from the photocathode by the light pulse (N > I). The average pulse

height is proportional to the average value of N. Itis therefore a linear

function of the energy of the X-ray photon, and may be represented b_,an

equation of the type of Eq. (2). In typical situations, the average energy

per photoelectron Eo is of the order of 1000 eV. Comparing this number

wlth the average energy for the production of an ion pair in a gas counter

we see that, for a given E, N is smaller for a scintillationcounter than

for a gas counter. Thus, the smallest detectable photon energy is nigher

for a scintillationcounter than for a gas counter.

Ii
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The spectral resolution is limited by the fluctuations in the pulse-

height corresponding to a given photon energy, which is a decreasing

function cf N, Therefore, for small values of E, a scil_tiiiation counter

will not yield as good ap energy resolution as may be obtained with a

• _,.,--.,,..,-=,,,.,.yl,,u,, photon energies, oc_ the

other hand, scintillation counters have both better efficiency and higher

energy resolution than gas counters beca.oe of the relatively higher stopping

power of the sensitive medium.

A further limitation to the efficiency of scintillation counters for

low-energy photons arises from photomultiplier noise. TJnder optimum

conditions, scintillation counters can detect photons down to about i keV

energy, Because of additional difficulties arising from the requirem:mt of

a large sensitive areas until now scintillation counters have been used in

X-ray astronomy only in the energy region above 10 keV.

Scintillation counters must be covered with thin films of opaque

material to protect the photomultip]iers from visible or ult-avJ.olet light.

Cosmic-rays and other high-energy particles produce pulses of greater size

than X-ray photons, ands therefore, can be easily distinguished from them.

Low-energy particles, in particular electrons, cannot be distinguished

from X-ray photons on the same basis. However, it is possible to separate

these particles from X-rays by comparing the counting rates of two detectors

with scintillation crystals of the same mass per _'m2 Lut different Z (e. g.,

NaI and anthracene). Such counters have nearly the same response for

electrons, but the low-Z coL'nter is practically insensitive to photons.

2. 1.3 Photoelectric Detectors

Gas counters cannot be operated in a vacuum without

a window and each window places a low-enerqy limit to tt-- cbservable portion

of the X-ray spectrum. The photoelectric detector does not need a window

1L
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and can, therefore, be used to extend the measurements to lower photon

energies than are accessible to gas connters.

The possibility of building a photoelectric detector for X-rays rests

on the fact, discovered by a group of Russian _._.e_'_"*_*_.......In 1960, (6)that

several alkali halldes have an anomalously high photoelectric yield for

X-rays. The design of a photoelectric detector foi"X-ray astronomy b_:[It

by the AS&_ group is shown in Fig. 8. The photocathode is an evaporated

layer of KCI or CsI deposited on a spherical surface. The electrons ejected

from the photocathode are focused on the firstdynode of an electron

multiplier, whose output pulse is proportional to the number of thcse electrons.

2
The sensitive area of this particular instrument is 40 cm . Its measured

efficiency ranges from about 8% for 5 keV photons to about 25% for 0.8 keV

photons. Although the instrument may be operated without a window in the

high vacuum found at the altitudes where the measurements are made, a filter

may be necessary to absorb ultravioletlight. Furthermore, such a window

is needed to exclude ambient ionospheric electrons. Several hundred

angstroms of aluminum evaporated on a thin organic film will achieve these

purposes while allowing the transmission of X-rays well beyond the K-edge

of carbon at 44A. Rejection of visible light does not present a serious

problem because of the high work function of KCI or of Csl.

Detectors of this kind have already been flown, Although the results

obtained so far are only ot a preliminary character, they show that photo-

electric dete_-'torshold great promise for the future of X-ray astronomy.

2.2 Collimators

2.2. ! Cellu|ar Collimators

In order to obtain accurate information on the Iccation

of the X-ray sources and on their angular sizes, itis necessary to limitthe

4"
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Fig. 8 Schematic diagram of a photoelectric detector fo- _of' -rays.
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Fig. 9 Schematic drawing of a cellular collimator.
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field of view of the detectors by means of suitable collimators. Because of

the large area of the detectors and of the limited space available, cellular

type collimators have been used such as that shown in Fig. 9. With these

collimators one can obtain fields of view of different shapes and different

angular widths down to about two degrees. The transmission, of course,

is a maximum for a beam parallel to the axis of the collimator (i. e., the

normal xd to its plane; see Fig. 9). The response curves (i.e. the curves

giving transmission as a function of angle of incidence in planes containing

the collimator axis) have typically nearly triangular shapes. As an example,

Fig. 10 shows the computed and the experimental response curves in the

plane XdYff of a collimator of the type shown in Fig. 9.

2. 2, 2 Modulation Collimators

In order to improve the angular resolution of a cellular

collimator, it is necessary to decrease its field of view. In this manner,

however, one also decreases the number of counts recorded when the X-ray

source passes across the field of view, and therefore one reduces the

statistical accuracy of the date. There is thus a practical limit to the

resolution that may be obtained with thesc devices when used on spinning

rockets.

A collimator of a different type, which combines high resolution

with wide field of view was conceived by M. Odat7)and has been cle_ loped

1%

by the ASE-MIT group. Known as th, "modulation collimator", It consists

essentially of two plane grids of para'lel wires placed one in front of the

other at a suitable distance (Fig. 11). The diameter of the wires, d, is

nearly equal to the spacing between adlacent wires, s. In a parallel beam

15
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FIg. 10 Experimental response curve of a cellular collimator to X-rays (circles) compared
with its computed response ft=_ctton (solid line). The angular divergence of the X-ray beam
was less than 1/2 °. ._,le X-ray beam was in the (_¢d"_d) plane (Fig. 9) and the abscissa
repr=,sents the angle formed by this beam with the _ormal to the collimator (_d).

Fig. 11 Illustrating the principle of operation of the modulation coU'.mator. The drewtng
on the left indicates the shadowing that obtains with parallel radiation.

16

J

1966005683-017



of rays, the front grid casts a shadow on the rear grid. The shadow

shifts as the orientation of the collimator relative to that of the incident

beam changes, and the transmission of the collimator changes cortes-

pondtngly, being a maximum when the shadow of the front wires fails

exactly on the back wires, and a minimu.,, when it is centered between

adjacent wires.

Figure 12 shows the computed response curve of a modulation

collimator in a plane perpendicular to the wires iP the case of a parallel

bean; coming from a distant point source. The abscissa is the angle

between the beam and ti_e collimator's axis (i. e. the normal to the

planes of the grids; see Fig. 11). The ordinate is the transmission.

The distance D between the grids is large compared with the distance

d + s between the axes of adjacent wires. For small values of "2

the angular distance between maxima is:

: (d+ s)/O

It is clear that a distant source with angular dimensions 6 small

compared with A '_ will produce practically the same pattern of maxima

and minima as a point so,xce. If, on the other hand, the source has angular

dimensions ;a_je compared with A '_ no "modulation" of the transmitted

intensity will occur as the angle of incidence varies. With a source of

angular dimensions comparable to A 42 , a variation of the angle of incidence

will produce a partial modulation, from which it may be possible to estimate

the actual angular size of the source in the direction perpendicular to the

wires. The minimum angul,,r size of a souice that can be distinguished from

a point source depends on _he mechanical precisiou achieved in the construction

of the collimator, on the statis'ical accuracy of the data and on the contribution

17
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of the diffuse background radiation to the measured fluxes. The experience

with the collimators that have been used has shown that this minimum size

is about a quarter of _ _ .

Modulation colhmators with Z_ _ as small as 8 arc minutes have

been used. Figure 1-3 sho.,s the response curve of a modulation collimator

with A _ of about 32 arc minutes, measured with visible light; Fig. 14

shows a similar curve for a modulation collimator having a A _/ of

2 degrees, measured with X-rays.

2.3 Imacie Forminq Telescopes

It seems difficult to obtain resolving powers substant$.ally

better than several arc seconds by means of modulation collimators such

as those described above. Moreover, these devices give ambiguous

results when several sources are within their field of v,ew. In order to

improve the resolution further and to investigate the actual structure of an

extended sourcej instruments of a different type are needed. The ideal

instrument is an image-forming telescope. It is actually possib,_e to

build telescopes for X-rays using the phenomenon of total external reflection

of X-rays under grazing incidence. (8, 9) It can be shown that two reflections

are needed to obtain an image. The two reflecting surfaces may be a

paraboloid and an hyperboloid with its external focal point at the focal

point of the paraboloid, such as shown schematically in Fig, t5. Other

combinations; of surfaces, however, are possible.

Image forming telescopes have been used so ,tar only for solar X-ray

astronomy. Figure 16 is the photograph of one such instrument. In Fig. 17

a picture of the Sun in X-rays obtained with this telescope from a rocket (10) is

comp_'ed with a picturn of the Sun in t._ obtained almost simultaneously

4;.
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Fig. 14 Angular response of motivation colhmator measured with X-rays. The absc:ssa
is the angle q ( Fig. 11 ).

PARABOLOiO

DOUBLE REFLECTION FOCUS

SINGLE REFLECTION FOCUS

Fig. !5 Ray tracing nn s g:azing-mc0dence X--ray telescope. The focus of the parabcloxd

coincides with the external focus of the hyperbolold.
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X-Ray photograph of Sun He

17 March 196$, 151.3-15!5 hrs. U, T. WSMR 17 March 1965, 1520 hrs. U.T.
10C. ec exposure (by _._urtesy _f Sacramento Peak Obse._ratory,
0.15 n_il mylar filter (2200 _ _1) Air Force Cambrid_e Research l_boratory)
Ilford Ir.dustslalG f(Im

Fig. 17 Photographs of +.he Sun in X-rays and m Ha. X-ray photograph at ieft was taken
ducmg rocket flight, using the focusing telescope show_., in Figure !6.

-"_LENS (f:2 50ram)

F:C. 18 Schem,3t=c drawing of an opt=ca] aspect sensur.
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with an ordinary telescope from the ground. The use of image forming

telescopes for thc study of extra solar sources shows great promise.

2.4 Optical Sensors

In order to dete:mlne the parameters of the vehicle's rotational

motion during the period of observation, one generally uses optical sensors ,

capable of detecting celestial objects such as the Sun, the Moon and the

stars. An example of such an instrument is shov:n in Fig. 18. It consists

essentially of an objectlve lens with a rectangular slitin its focal plane

and a photocell behind it. This arrangement provides a "rectangular"

response function as defined Dy the slitin the focal plane.

3.0 ANALYSIS PROBLEMS RELATIVE TO ROCKET OBSERVATIONS

Both freely spinning rockets and attitude controlled rockets have

been used for X-ray Jbservations. In the firstinstance, ifthe rocket

behaves like a rigid body al,dexternal torques are negligible, its rotational

motion consists of a spin (with constant angular velocity (_s)around the minor

axis of inertia, accompanied by a precession (with constant apgu[ar velocity

¢0_ of the spin axi_ around an axis fixed in space and parallelto the total

angular momentum (precession axis). The minor axis of inertia is practically

coincident with the longitudinal axis of the rocket whose momental

ellipsoid may be regarded as a surface of revolution around this axis. The

half-apex angle of the precession cone, a , is rela.ed to _s and OJpby the

equat,on:

I1_s (3)

= 12 - I 1COS _ _p

23
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where q and 12 are the moments of inertiarelativeto the spin axis and

to a directionperpendicularto it. In the most accurate observations,

itbecomes necessary to take intoaccount the [_<)ssibilitythatthe actual

rotationalmotion of the rocket may differs'ighlyfrom that described

above. The deviationsoccur mainly not because of the vresence of

externaltorques, but because the rocket does not behave exactly likea

rigidbody. Therefore,the directionof the precession axis remains fixed

in space, but _s, _p and _ may undergo small and gradual changes during
the time of observation.

Useful X-ray observations may be made only above 80 kin. The rockets

thathave been used (Aerobee)usually reach a maximum altitudesomewhat in

excess of 200 kin,which gives an observationtime of about 5 minutes.

During boost the rocket is spun up to two revolutionsper second forthe

purpose of stabilization.Ifitis not purposelydespun, the rocket will

maintainapproximatelythis spin frequency untilItre-entetathe atmosphere

(atmosphericfrictionduringthe ascent does not reduce the spin frequency

substantially).With such high spin frequency, the apex angle of the

: precession cone is small and co << _ .p s

In some experiments, the spin angularvelocityof the rocket is

reduced by means of gas jetsor a yo-yo despin mechanism afterthe rocket

has traversedthe denser partof the atmosphere. The decrease of co resultss

in a widening of the precession cone and in the extreme case, _ may

approach 90°.

Activelycontrolledrockets offerthe possibilityof exploringselectively

predeterminedregions of the sky. On the other hand, one cannot use rigid-

body dynam,cs to predictthe characterof theirmotion. In the experiments

carriedout thus far,an attit,xlecontrolsystem (orACS), based on gyroscopes
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as sensing devices, is used to control the rocket orientation. By means

of gas jets, it is possible to point the axis of any given detector to

within several degrees of any given direction in the sky, or to sweep itat a

prescribed speed over a prescribed angular interval.

3. I Frdmes of Reference

In the analysis of the data and in the presentation of the

results obtained with freely spinning rockets, _tis convenient to consider

a number of different frames of reference. Each shall be defined by a

Cartesian coordinate system, specified by three mutually perpendicular

unit vectors ax,_, z_. We shall call x, y, z the three coordinates of the
A

unit vector r specifying a given direction. To each Cartesian system,

we shall associate a polar system of coordinates %b, A , where _b is the

azimuth and k is the elevation. We take the polar axis in the direction

of _%
iI%

Z and the plane # = 0 coincident with the _x_ _, plane.

Thus: x =cos_b cos A

y = sin4p cos A

z = sin

A list of the various frame of reference appears below.

^ ,% A _ ^

(a) Celestial Frame of Reference xc, Yc' Zc; the (xc, Yc )

plane coincides with the celestial equator (which coincides with the Earth's

equator); _z points toward the north pole and Ax toward the ascending
c c

node of the ecliptic. Thus 4p is the right ascension and A is the declination.
C C

A _ A A

(b) Precession Frame of Reference x , yp, Zp; z is parallel to..p PA P
_p, i.e. to the axis of the precession cone; x is parallel to the vector

^ _ . _ A P
product zc x Zp, i.e. itlies in the (xc, Yc ) plane, and points in the

direction of the "ascending node of the precession equator". With respect to
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the celestial frame of reference, the precession frame of reference is defined
#_

by the right ascension _ tp_ and by the declination A _Pl of the precessionC C
_t

axis z . If angular momentum is conserved, the precession frame of
P

reference is fixed with respect to the celestial frame of reference.

A tt A
(c) The Spin Frame -f Reference x , y_ , z ; z is parallel to

, i.e. to the spin axis of the rocket; x lies in the direction of °_Z X Z .
s s p s

With respect to the precession frame of reference,the spin frame of reference
i %

iS defined by the angles A _sJ and d_ _s_,which are the elevationand the
P P

2%
a_m:_th of z as measured in the precession frame of reference, as shown

s (s)
in Fig. 19. Ifmomentum and energy are conserved, l is a constant and

PI%

= wr - I tSl representsthe semi-aperture of the precession cone, while
(s) P

varies umformly from 0 to 2_r during one precession period.
P

A ^ A A
(d) The Rocket Frame of Reference Xr ' Yr " Zr ' z coincides withr

the figure axis of the rocket and _ is fixed w_th respect to the rocket.
r #%

If the figure axis coincides with the spin axis then _z coincides with z .r s
A A
x rotates relative to x with angular velocity e , and if e is constant,
r A s s ,_, s%[]

= (t-t o) wherethe azimuth of xr in the spin frame of referenceis _bs _s

t is the time when x and x are coincident. In the ASE-MIT experiments
O r s

so farithas not proven necessary to allow forthe possible small discrepancy

between the spin and figureaxes.

In wha'_follows we shallhave occasion to use the equation relating

the elevation Ar of a unitvector r in the rocketframe to the elevatioa

A of the same vector in the precession frame and to the relativeazimuth,
P (s)
- _b , of the vector and of the spin axis in the precession frame.

P P may #t __ . (7_ 4_
This equation be derived from the vectoridentity(Zp x _ ) _p _x =

_z Ar- (_s z_ ) (_ _ )and reads:s " " p " P

slnA = sink cos a+cosA slnacos {e __ (s))" (4)
r p p p p
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A

Fig. 19 Precession and spin coordinate _:,stems.
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The above equation shows that if r4' is fixed in the pre,-ession frame,

_ varies from _ _ _ to A - _ during a precession cycle. Note that if
r p p

and _ are small angles, Eq. (4) may be approximated by:
P

=x +cos( (s)) (5)
r p p p

3.2 Freely Spinning Rockets

Cons er now a freely spinning rocket carrying a detector

(X-ray counter or optical sensor). Suppose that the detector's axis

forms an angle k (d) = A (d) with the equatorial plane of the rocket.r s

Then its elevation in the precession frame will oscillate between A (d) _r

and A (d) + _ during each spin. On a re ;tangular grid (plate Carreer

projection) its representative point will describe a nearly sinusoidal

curve with an amplitude equal to _ and a phase that changes gradually

from one spin to the next (see Fig. 20). Thus the region of the sky explored

by the detecto r. becomes wider as the apex angle of the precession axis

increases.

In the rocket's frame of reference_ on the other hand, the detector's

axis is fixed, while the vector pointing to a celestial object moves tn

azimuth with slightly varying angular v_locity, while changing its elevation

' between A (o) _ _ and k (o) + _ during the precession cycle. On a
P P

rectangular grid, the representative point of the celestial object moves

along a nearly horizontal line, which oscillates up and down filling the band

between A (o) _ _ and k (o) + _ (see Fig. 21). The object wilt be seen
p P

by a given detector if the latter's field of view overlaps this band.

(a) Despun rockets with long spin periods (~ 5 sec), long

precession periods (~ 300 sec), and large precession cone angles
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_tMUTH_p
Fig. 20 Motion of detector axis in the precession frame of reference. Shaded region
represents the band covered by t;,e detector axis during an entire precession cycle. The
solid cuzve within the shaded region is the path of the detector axis during about 1. $

spin periods. The short arrow at z in_.cates the motion of the rocket axis during the
same time. _r (d) is the elevation ang.'.e of the detector axi_ in the rocket frame of
reference.

LP ECTORRELDOFVIEW

+"< ..... 2--":...." ._ +,,+"'+,..++;*_ - . i' a z
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Fiq. 21 Motion of a celestial object in the rocket frame of reference. Shaded portion Is the

region traversed by a given celestial object durin_ the precession cycle and the solid line i_
the motion of the object dt_i_=g slightly ,note than one spin period.
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(_> 60 °) have been employed in the NRL experiments. The nearly

sinusoidal curve traced out by the representative point of the axis of

a detector carried on such a flight changes in phase by a substantial

amount during each spin. Thus any source within _;,_ large region of

explored sky is detected on only a few successive spins out of th_

..-tlr__flight. ...Tn_.._._-_b'_-g_..._he_..v......_ data .,v,,,_^'-such an exv_,r,,t......... :, one

searcl_es for evidence of significant variations in the counting rate.

These may show periodicities extending over several spins if the

detector's field of view is large enough so that th6 regions swept out in

successive spins overlap one another. The celestial orientations of the

detector's axis when the maximum rates are recorded is, of course,

established by reference to the data obtained by optical and magnetic

sensors. Ifthe field of view has a nearly circular shape, then it is

possible to estimate a source's position making use of the fact that the

number _f counts produced by the source during one spin is a decreasing

function of the minimum angular distance between the detector's axis and

the source during that spin. By plotting the numbers of counts as a

function of this distance, and comparing the curve thus obtained with the

known angular response of the collimator, one can also evaluate the angular

diameter of the source, or place an upper limitto it. Obviously the accuracy

of both the position an(" size determinations will depend on the statistical

accuracy of the data (and, therefore, on the area of the detector) as well as

on the angular aperture of the collimator.

(b) A situation of a somewhat different character occurs in

experiments llke those of the ASE-MIT group, which have employed rockets

that retain their relatively high initialspin rates ( ~ 2 sac-l), have small

precession cone angles (_ < 10O), and have precession periods tnat are
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sufficiently short so that several complete precession cycles occur

during the period of observation. In these experiments a source within

the relatively small region of sky scanned by a given detector ,s detected

on many successive spins during those portions of the several precession

: cycles when the elevation of the source lies within th_ qpnsitb,e range

of the detector. In order to exploit the information about a source which

is potentially available in the data it is necessary to combine the data

from many spins, taking _roper account of the effect of the precession

motion on the periodicity. A source too weak to have a statistically

significant effect on the counting rate during one spin may be detected

in the combined data horn many spins. From such data it is possible to

obtain precise iniormation on the sizes and locations of sources.

In order to deal with the complications caused by precession motion

in the analysis of data obtained from fast and freely spinning rockets, we

have found it convenient to introduce a special angular variable _, which

we call the bearing. This angle is defined by the equation

¢ =
s p

(s)
where %% is the azimuth of a given directionin the spin frame, and 4,

s p
is the azimuth of the spin axis in the precession frame. Ifthe given

directionis fixedin the rocket frame, as are the directionsof the axes

of the various detectors,then we have ; + _ (s) = a) _ _ . Thus
s p s p

the bearing angle %5(d)of a detector'sa.,isat any given instantmay be

expressed as a functionof time by the equation

(d) So t old)= (e)s + tap)dt �_,

where _(d) is the bearing angle at t = 0. Ifthe given directionis _hat ofo
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a celestial object (which is, of course, fixed in the precesslo,_ frame)
(s)

then during each precession cycle _ increases uniformly by 2_r

s(O) Pwhile 4' the spin azimuth of the object, decreases non-uniformly

by 27r. Thus the bearing angle of the object _, (o) varies about an average

value which fs, in fact, the precession azimuth of the object, i.e.

_av(O) = %(0)

This is obviously true in the limit _ = 0where_ (o) =@ (s) + =/2 +6 (o)
p p s

as can be seen in Figure 19. In this zase we have

(o) (o)

(o1 (o)
In the generclcase when _ _ 0, one can show thatthe difference <u -

P (0)

(0)_4_ (S) Since _(°) =4_piv an antisymmetricfunctionof the difference_ P P .

when thisdiffergnceis zero (or • ), the average value must be equal to
(o)

# as previouslystated.
P

Under the assumption of a rigid,freely-spinningrocket, (¢0 + ¢__)is
S p

a constant so thatthe bearing ang!e of a detector'saxis, _(dl_ increases

linearlyby 2zr during a time intervalequal to 2_/ (ms + O_p).The transit

times of a celestialobjectthrough the r._eridianplane of a detectorare

determined by the intersectionsof the heavy solidcurve, representingthe time

dependence of the bearing angle _ (o)of a celestl;i object, with the saw--
(d)

tooth solidlinerepresentingthe time variationof the bearing angle d,

of the detector'saxis (see Fig. 22).

The _xplicitexpression forthe bearing angle of a given unitvecto_ r-t
(s)

fixed in the precession frame in terms of _ and _, is rathercumbersor'e.
P

Itmay be expressed implicitly,however, inthe followingway wLich is

particularlywell suitedto computer calculations. The components r . inSt
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Fig. 22 Time variation of the bearinq angle of a celestt_;! object (heavy solid l:ne) and of t_,,
X-¢ay detector axis (light solid line) uuring, _ever:l precession cycles. Average bearing ang=e
of the object is its precession azimuth _ . Io; .

t u
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the spi,.frame are related to the components rpk in the precession frame

by the matrix equation

r = T..(2) (1)
si lj Tj k rp k

where

II,co
p  'II

rpk = (cos _ sinP
(sin

P

[cos (4_ P '- 7r/2)] [ sin (, P
(1)

+ lr/2)] [cos (_,p(S) +;/2)] 0Tjk = [ -sin (%5

u 0 1

Tij(2) = 0 cos _ sin

0 - sin _ cos

(1) and T..(2) correspond to theThe orthogona! t_ansfonnation matrices T.
]k i]

two rotations required to bring the precession frame into coincidence with

the spin frame, namely, a positive rotation by the angle _ + :/2 about the
A P A
z axis, fo1._.owedby a positive rotation by the angle _ about the x axis.
p s

The bearing angle can be expressed in terms of the transformed components of

r-_ by the equation

= (rsl/ %/r 2 2s2 ) + :/2.#(o) rs2 arc cos si i r + @ (s)

I',71
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Turning now to the actual analysis of the data, the first step is

to find an approximate value for _ + _ , the bearing angular velocit,p s

of the detector axes. To do this we search for a sequence of nearly

periodic signals from one of the sensors [optical, X-ray or magnetic).

Tl.e average value of the interval between successive signals in a

u_wu_v into -,,iS -_t,.u_ as ,,i__filstdpproximation to

p s

(d)
The second step is the computation of the values of the bearing @

(d)
relative to the Dearing _, at some given arbitrarytime of the detector axis

o

at the ,nstants when signals were observed. This is done using the formula

(d) (d) =.ft . +_ % dt" " - qJo --t _C_'s P"
o

with _o + ¢o initially taken as constant and equal to the approximate values p

of this quantity determined as (.=scribed above. In order to obtain a second

approximation to _ + _o we construct a plot in which each siqnal is indicated
p s

by a mark with the coordinates (e (d) _ _ (d} • t). Recurrent signals from ao

celestial object give rise to a trail of marks advancing in t• and drifting
•(d} (d)

gradually one way or another in u - $ • depending on the error in
O

+ _: . From the trends revealed by tLis plot we determine an improved
s p

value of _ + u which reduces the long term driftin the relative bearing.
s p

Itturns ou% however, that sounding rockets with liquid fuels are not per-

fectly rigid bodies after cutoff. Thus _ + _ generally varies significantly
s p "

during an experiment. To allow for t:ds we express _- + u as a power
s p

series in t in the form

+w =u + At + Bt2 + ...
s p o

In practice we have found it necessary to use only the firstorder term in t

in order to eliminate nearly all long term drift.
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Of course, even after correct4ng the computation of the relative

bearing for the long term driftof _ + 'e , there remain the periodic
s p

variations in the relative bearing of a fixed source due co the precession

motion. This motion, as we bave seen, causes the bearing of the source

to vary around its average value (which is its precession azimuth). A

plot of the frequency of siqnals versus the relative bearing of the

detector's axis will therefore show a peak whose width is greater than

the spread due to the azimuthal angular resolution of the detector and the

angular width of the source Itself, At this point the periodic precession

(4
variation of _ as well as any residual long term driftin _ +

s p

can be compensated by adding an empirically determined and smoothly

varying quantity to the calculated values of _ (d) . A plot of this compensate_

quantity, which is pssentially %6(d) _ _ (o)• will now show a peak whose

width is as narrow as the limit set by the resolution of the detector and the

angular width of the object. When this method, whlcn we call ";.elf-

synchronization", was applied to the ScoX-I peak in Figure 29, the width

of the modified peak was found to be consistent with the assumption that the

angular width of ScoX-I is 16ss t_:Jn20 arc minutes.

Itis worth noting that the average over an integral number of

precession cycles of the bearing of the signals in a peak is a correct measure

of the precession azimuth of the corresponding celestial object even if

the object passes in and out of the detector's elevation range. This is

true because the deviation of _ (o) from 4_ (o) when the object crosses
P

a given rocket elevation in one direction is just the negative of the deviation

when it crosses in the other direction. Thus the average relativ_ hearing

of the object during the time when itis within the detector's elevation

range, plus the phase #o (d) , which is yet to be determined, is, in fact,

the precession azimuth of the object.
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The thirdstep in the analysis is the determinationof the precession

motion and the orientationof the precession axis in the celestialframe

of reference. The celestialorientationof the precession frame of reference

is determined from the starsensor data. These data consist of the

transittimes of various starswhose identityis initiallyunknown. Selecting

data from portionsof the precession cycle when signalsfrom several stars

are observed in each rocket rotation,we determine the relativebearings

of the unknown stars. Wit_,the aid of a starcatalogue and an appropriate

computer program we then search fora spin axis directlonin the celestial

frame which would cause the starsensor to sweep over a combination of

starswith relativebearings that match the ones observed. In thisway

the starswhich caused the observed signals are unambiguously identlfledj

and firstapproximationsto the spin orientationsat severalpoints around

the precessi _n cyct_ are obtained.

As the spin axis precesses, the rocket elevation of a given star

varies so that the amplitude of its signal is modulated according to the

response function of the star sensor. Thls modulation may be a prolonged

appearance or disappearance of a periodic signal as the star crosses one

boundary or the other of the elevation range of the sensor. It may be a

momentary disappearance as it crosses a masked interval in the middle of

the sensitive elevation range. In any event, the sequence of times at

which significant modulation events occur in the amplitudes of the star

signals is determined by the response function of the sensor and by the

parameters of the precession motion: i.e. the celestial orientation of the

precession axis, defined by _ (p) and 6 (p) , the precession angularc c

velocity _,p, and the opening angie a of the precession cone. Only a
particular combination of the precession p_rameters will lead to a predicted

sequence of times of modulation events that matches the on_ observed.

In practice we search for this combinatton with the aid of a computer. By

successive approximations we obtain a set of parameters which minimizes
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the sum of the squared deviations between the predicted and observed

times, and in this way we establish the celestial orientation of the

precession frame and the precession cone angle. Any object whose

precession azimuth and elevation is known can now be located in the

celestial frame by a simple transformation.

The fourth step is the determination of the precession azim,,_hs

of the X-ray sources. Already, by comparing the bearing distribution

plots for the X-ray detector and star sensor data described earlier, the

relative average bearin:_s (i.e. relative precession azimuths) of the X-ray

sources and the vai-lousstars can be established. Now that the stars

are identified,theabsolute average bearings of the X-ray sources can be

determined, and these are the precession azimuths.

The fifthstep is the determination of the precession elevations of

the sources. This can be accomplished, in principle, by measuring the

variation of a source's bearing during the precession cycle, s:nce, as

previously noted, the amplitude of this variation depends on _ and A (o)
P

Thls method amounts to a kind of "triangulation" of lhe source with a base

Line equal to twice the opening angle _ of the precession cone. For

the small values of _ that occurred in the ASE-MIT experiments, the

accuracy of this method is not very high.

A more accurate method for the determination of k (o) is based on
P

an analysis of the variation in the counting rate from a source which i_ caused

by the periodic change in the elevation of the source in the rocket frame.

By inspection of the bearing distribution we select an interval of bearing

within which essentially all of the counts from the source occL,x. For

each count recorded in this interval we compute the quantity ! = X (d) _r

acos (_ (s) _# (o)) where_ (o) is the precession azimuth of the

P P P (d)
source as previously determined, and k is the rocket elevation of t:.er
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detector a_-:s. If _ and A (d) is sufficiently small, then to a ,_ood

approximation ! = ;% (d) P (d) (o)
when 4_p = @p : i.e. at the moment whenP

the source transits the meridian plane of the detector in the precession

frame (see Eq. 5). Moreover, if ;% (o) lies with range from A (d) _ = to
p r

1 (d) + _r, then at some time during the precession cycle the detector axis
r , , _:

sweeps across the source. At _his time ;% _oI = A _u; (o), I = _ (see
r r p

Eq. 5), and therefore the counting rate plotted against _ shows a maximum

for a value of { equal to the precession elevation of the source, An

examp_.e c: such a distribution is shown in Fig. 30. When k does not
P

lie in the range from ;% (d) _ e to ;% (d) + e, one can stillcalculate ther r

expected variation of the counting rate as a function of ! from the known

response function of the detector, and for any assumed value of A (o) .
P

One can t_ m adjust ;% (o) to obtain the best fitof the computed variation
P

to the observed one, and in this manner one can obtain an estimate of the

precessiol, elevation of the source.

In the case of a detector with a modulation collimator whose response

maxima are separated by an angle smaller than 2e, the plot of counting

ver;%u$ I will show severa_ maxima at values of _ given approximately

by the equation

= A (o) + arc tan (na).
n p --

where a is determined by the dimensions of the collimator. An example

of such a distribution is shown in Fig. 31.

4.0 OBSERVATIONAL RESULTS

4. i The Crab Nebula

The source whose coordinates and angular dimensions a,e

best known is that coincident with the Crab Nebula. As already mentioped,

the information concernirg this source comes mainly from the observation

of the occultation of the Crab Nebu!a by the Moon performed by the NRL

group (which named the source Tau XR-1). (4) The rocket was attitude -
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controlled and carried two X-ray detector:; which acquired the X-ray sou_ce

150 sac. after launch and observed it for 240 sec. thereafter, during which

time the edge of th,_ Moon swept across the Crab Nebula in the manner shown

,n Fig. 23. The _ounting rates of the two d_tectors, and their _um are plotted

as functions of time in F_g. 24. Shown in the same figure is the time derivative

of the total cour,:ing rate, which represents *.he dis::ibution of the X-ray source

in :he direction perpendicular to the a4venclng edge of the Moon. From thesi

a,_vu,_rdiameter of the X-ray uou_ce_...... .., %%_S

was about .]arc minute, and that i" uenterwas close to the center of the

visiblenebula.

4.2 The Sources Near the Galactic Cu .....

Let us consider next the complex of sources within 25° of the

galacticcenterwhich includes the source in Scorpio, named ScoX-I by the

A_E-MIT group, the firstX-ray source to be discovered and t__-strongest

detected thus far.

Figure 25 illustrates the determination of the position of ScoX-1 performed

by the NRL group by means of a slowly-spinning rocket in April 1963. (3) The

detector had a field of view about 10 ° full width at half maximum. The lines

with arrows are traces of the detector's axis on the sky map during differen_

spins; the numbers along these lines are oounting rates. The circles are lines

of equal counting rates, whose common center represe,,ts the source position.

Figure 26 shows the results of another flight can ied out by the NRL

group, ;vith similar instrumentation, in ]'une ] 964. (11) 2haded segments indi-

care portions of scan where the X-ray counting rate wa_ clearly above background.

CiIcles are positions assigned by. the authors to the X-ray sources held

responsible f_-,rthese increases in counting rate. Of the sources near the

galactic center, only S=oX-1 (indicated as I) gave a clearly separate peak.

The other five were unresolved and, therefore, the results concerning these

sources were some_ hat tentative.

In addition to the sou, ces near the galactic center, the instruments

aboard the NRL rocket detected also two clearly resolved sources in Cygnus
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FromBowyeret al, Nature20__[I,1307(1964)

ri 9. 2S Obs_Plation of the X-ray source in Scorpio by the NR[ group. Rolid cur/es shov
motion of the detector axis during succPssive passes over the region of the sky containing the
sou:ce. Dashed circles are contour of equal counting rates consistent with observed counting
rates. The centroid of these contotu's g_ves the best locatior, of the source.
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From 8owyer et ol, Science 147:394 (t965)
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l_l_j. 26 Locattons of X-ray sources observed during on KRL rocket flight. Solid curves
rep:'esent the peth of the dete-"or axis du:lng the fliqht. Shaded regions indicate times when
excess countin_ rates were observed and circles indicate estimates of source locations.
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(A and B in Fig. 26), and one unresolved source in Serpens. We shah

return to these observations later.

Accurate data for some of tne X-ray sources appearing in the

region of the sky near the galactic center were obtained by the ASE-MIT

group with a rapidly spinning rocket flown in October 1964. (12) The

rocket carried three banks of Geiger counters p,o-lided with collimators

having fields of view in the shape of narrow %lits (GV10, GH0, GH20)

and one bank of Geiger counters providee with a modulation collimator.

Figure 27 shows the fields of view of these detectors and of the star

sensors in the frame of reference of the spinning rocket. Figure 28 shows

the regions of the sky explored by the three detectors with narrow-slit

collimators, and the positions of three sources, clearly identified by

these observatinns. One is ScoX-1; the second lies also in the constella-

tion Sco:pius and is denoted as ScoX-2; the third lies in Sagittarius and

is denoted as Sgr X-I.

Let us discuss in more detail the observational evide_,ce obtained

in these experiments. Consider first the results of counter GV10, whose

direction of scan waJ perpendicular to the long side of the coUimator's

slit. Figure 29 shows the bearing angle distribution of the counts with

respect _o _-Ceti. The sharp maximum at A is due to ScoX-1; it affords

an accurate determination of the azimuth of this source in the precession

frame of reference placing it on the arc A in Fig. 28. Moreover, the

variation of the counting rate due to ScoX-1 during the p;.ocessio,_ cycle

shows that the detector's axm came closest to ScoX-1 when its elevation

in the precession frame was a maximum. This observation places a lower

bound to the elevation of -_coX-1, as indicated by the dotted line in Fig, 28.

The smaller aud broader maximum between B and C in Fig. 29 is due to a

number o,_ LLnresolved sources, including Sgr X-l, Sco)[-2 and probably

other sources near the galactic plane. These sources must :le in *he cross-

hatched region be: • ,_n the arcs of great circles marked B and C in Fig.. 28.
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Fig. 27 Fields of view of the detectors used by the ASE-MIT grodp in the October 1964 ro_.ket
flight, sho_-n on . rectangular grid plot of the rocket frame of reference. The nu.._ber in paran-
thes(=._ belo_v the instrument designation is the rocket azimuth of the detector axis.
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Fig. 28 X-ray sour=e loca;lons determined during ASE-MIT rocket flight of October 1964. The
re,ion bounded by t|le arcs mark¢d by GV10 has been scanned. Source.s =_re found to lie along
the solid curves marked A, D, Eo and Fo The region between the curve -"marked B al;d C con-
tains an unknown hum.Set of unresolved sources.
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Still another small maximum in the bearinq distribution suggests the

existence of a weak source along the arc marked D, although it is

not clear that D is separate from the source region between B and Co

Consider next the results of counter banks GH0 and GH20o Neither

of these counters saw ScoX-1, The fact that this scurce never entered

the field of view of GH20 further restricts the possible range of elevation

angles for ScoX-1, placing it below the region explored by the detector

(see Fig. 28).

The curves giving the bearing angle distributions of counts recorded

by both GH0 and GH20 had maxima, indicating the presence of sources

lying within the bands scanned by the two dete_-_ors, and belonging to

the source complex between the great circles B and C detected by

GVI0. The positions of *he maxima determine the azimuthal angles of the

sources in the precession frame, placing the sources along the arcs of

great circle marked E and F in Ftg, 28. Because the long dimensions

of the slits representing the fields of view are in the direction of the

scan, the maxirr:a are rather flat and the azimuth determinations pro-

vided by counters GH0 and GH20 are not as precise as those provided by

counter GVI0. On the other hand, the narrow dimensions of the slits

in the direction perpendicular to the scan affords an accurate determination

of the elevation angies of the two sources in the precession frame. To

obtain this information, appropriate "windows" were chosen around the

azimuths of the sources, and the counts recorded withinthese windows.

at various phase_ of the precession cycle, were plotteclagainst the quantity

I - X (d)(see Secti-_n3.2) which is approximatelythe relativeelevationofr

the detector'saxis at the center of the window. The resultsto."counters

GH0 and GH20 are shown by the graphs in Fig. 30. In both graphs, the

counting rate is a maximum near the middle of the pr.--_essioncycle.

ioe.. when the elevationof the detector'saxis in the precession frame is

nearly equal to itselevationin the rocket'sframe. Thus, Sgr X-I lies
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near the center of the band scanned by GH20 and ScoX-2 lies

near the center of the band scanned by GH0.

Consider, finally, the results of counter bank GMC0 provided with

a modulation collimator of about 30 arc minutes resolution. Figure 31

shows the vaAation of its counting rate due to ScoX-I during the pre-

cessJol_ cycle. A previous experiment with a modulation collimator

of higher resolution had shown that the angular dimension of ScoX-1

was less than 7 arc minutes. (13) The completeness of the modulation

observed with the present detector is entirely consistent with this result.

Moreover, the position of the maxima makes it possible to place ScoX-1

on one of the circles of constar,t elevation corresponding to the transmission

maxima of the modulation collimator at the time when a maximum of the

counting rate is observed. Two of these circles fall between the limits of

elevation previously determined, thus giving for ScoX-1 the two possible

]ocations shown in Fig. 28.

Table I lists the most likely positions of ScoX-1, ScoX-2 and Sgr X-I,

as obtained from the observations just descAbed.

Data relative to the same region of the sky were also obtained

by the Lockheed group, by means of an attitude controlled rocket flown

in October 1964. (14) The rocket carried three detectors with collimators

having fields of view in the shape of narrow slits, whose long dimensions

were arranged at diffsrent a'.gles to the rocket's axis. Thus, from the

relative delay between the trantlt times of a given source throu.qh these

fields of view, it was possible to o_.tain information concerning the

elevation of the source in the rocket's frame of reference, The rocket

was programmed to execute four different sca_s dt_'ing its flight. Figure 32

shows the arcs traced on the sky by the normals to the detectors dtn-ing

these scans; the rectangles at the beginning o; scan 1 show the fields

of view of the three detectors, denoted as T(top), C (center}, B(bottom).
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Fig. 31 Distribution in relative elevation of the counting rates from ScoX-t observed with
detector GMCO whzch was provlded with a modulation collimator. Superimposed on the observa-

tional points is the theoretical angular response of the collimator.

SOURCE RIGHT ASCENSION DECLINATION

16h12m :1:2m -15.6 ° 4-0.5 °
SCOX-I

16h 19m :E2m -14.0 ° :EO.5°

SCOX- 2 16h 50 m"J:7m - 39.6°i0.9 °

. r .,,..,., ,.,,. ,,,,

Sgr X-1 17h 44 m:1:7m -23.2°i0.9 °

T_lble I X-ray Source Locations Determined During October 1964 Rocket Fhght •
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The shaded areas indicate the bands scanned by detector C.

ScoX-1 ;vas detected during scans #2, 3, 4. AI! three counters

T, C, and B gave useful data duri',g the two slower scans (#3 and 4).

They provided the following determtnaUon for the position of th;s source:

r_ght ascension: 16h14 m +_ 1m

declination: -15 ° 36' + 15'

Only counter C provided useful data during scan #_, which ran

along the galactic equator. The counting rate went through several

maxtma_ indicating the existence o4 a number ef sources. However,

only the azimuthal angles of these sources in the rocket's frame of

reference could be determined. The arcs of great circle corresponding

to the sources near the galactic center are shown In Fig. 33 as narrow

bands having a width equal to the experimental uncertainty in the

angular measurement.

In Flg. 34 the resultsof the NRL group, the ASE-MIT group and

the Lockheed group are summarized and compared. Goncernlng the

sources near the Galactic center, we note the following:

(a) Both alternatepositionsforScoX-I found by the ASE-MIT

group fallwithinthe circleof uncertaintyof the determinationmade by

the NRL group One of them is conslsten{with the positiongiven by

the Lockheed group. As already noted, we know from the resultsof the

ASE-MIT group thatthe angular size of ScoX-I is less than 7 arc minutes.

(b) The positionforSgr X-l, as determined by the ASE-MIT group,

Is about 1° _om the arc of the great circle corresponding to one of the

sources found by the Lockheed group. This discrepancy may _)eaccounted
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Oz°20e F_q. 33 X-ray source locat,ons m the

vlc;nity of the galactic center determined
Z __ CENTER during Lockheed rocket flight. Dashed l=nc

,s the path of th.= detector axis and the

30 ° narrow bands no_mal to this hne represent
regions of the sky contaimnq X-ray source._.

-40= )1 .... .,,
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Fig. 34 X-ray source locations as determined dur=n_ three 1964 rocket flights ASE-MIT
|ocat=orm have been given in Figure 29: NRL :_:atioe_s have been given =n F=qure 23. and
Lockheed locations have been g_ven =n F=qure 34.
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for by experimental errors; tlius, the sources observed by the two groups

may be th: ;ame. However, Sgr X-1 does not lie within the circle of

uncertainty of any of the sources found by the NRL group. The closest

NRL source is OphXR-1 whose center lies 5 ° from the ASE-MIT position

of Sgr X-1. The existence of a source in this _osition is not consistent

with the ASE-MIT data°

(c) Sgr X-1 is 5 ° from the Kepler supernova remnant 8N 1604.

Thus, the ASE-MIT observation rules out the existence of a detectable

X-ray source in this position, apd the tentative identification by the

NRL group of their OphXR-1 source with SN 1604 all;"" does not seem to be

correct.

(d) The position for ScoX-2, as determined by the ASE-MIT

group, is about 1° from the arc of great circle corresponding to one of

the sources seen by the Lockheed group. Again, the discrepancy may be

due to experimental errors, and the sources seen by the two groups may

be the same. On th( other hand, ScoX-2 lles about 5° from the nearest

source reported by the NRL group (ScoXR-2); the ASE-MIT results are

not consistent with the existence of an X-ray source in this position.

(e) The NRL source SgrXR-2 lies half way between the arcs of

great circle abo_t 12° apart, on which the Lockheed group located two

separate sources. Possibly the peak of counting rate in the NRL observa-

tions res ,lted from the combined effects of these two sources.

(f) In addition to these two sources and to the ASE-MIT sources

SgrX-I and ScoX-2, the Lockheed results indicate the existence of at

least t%o other sources near the galactic center. One of them may coJncld,:

with NRL source Sgr XR-I. Itap',)earsdifficultto identify the other with any

_4

1966005683-055



of the NRL sources, unless there is a sizeable error in the position of

ScoXR-2 quoted by NRL.

(g) Sgr A, the radiocenter of the Galaxy, is at most a weak

X-ray source compared with the other sources nearby,

4.3 Other Sources

Early observations by the ASE-MIT group suggested the

presence of X-ray sources in the general region of C_gnus. (1, 2) As noted

previously, the NRL group detected two sources, Cyg XR-1 and Cyg XR-2

in this region (see Fig. 34). One of them (Cyg XR-2) lies near the arc of

great circle where also the Lockheed group located an X-ray source.

Cyg XR-2 was not sca_med by the Lockheed group. Neither Cyg XR-I nor

Cyg XR-2 coincides with the Cygnus loop or with Cyg A.

La._tly, the NRL observations indicate the existenr.e of a source in

Serpens; a small maximum in the counting rate observed by the Lockheed

group in scan #I may be due to the same source.

4. 4 Spectral Information and Flux Estimates

Some informat_on onthe spectra of t[ e X-ray sources has been

obtained from absorption measurements as well as from the pulse-height

distributions observed with proportional counters and with scintillation

counters. Partly because of the nature of the measurements, partly

because of the limited statistical accuracy, none of the available

results affords a direct determination of the spectral distribution, i.e.,

of the function j (E) dE giving the energy flux of X-rays with photon energy

_tween E and E + dE. Rather certain _a_ assumptions had to be

made on the form of the spectral function j (E); the experimental results
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could then be used to compute the free parameters entering in the

expressions for j (E)s ands in some cases, to rule out certain types

of spectral functions.

The -,v,.--_,,_,*_'fun_-_ions usually considered are:

Power Law:

J (E) dE = consto d.E_E (9)
E_

Synchrotron radiation and inverse Compton effect are likely to produce

spectra of this kind,

_Exponential Law:

j (E) dE = const x exp (-E/kT) dE (10)

Spectra of this kind are characteristic of low-Z, fully ionized, optically

thins clouds containing electrons with a Maxwellian velocity distribution

corresponding to a temperature T. ",_this case, the process responsible

for the X-ray emission is bremsstrahlung. (In the presence of incompletely

ionized matter with Z greater than about ten, there would be a substantial

contribution from free-bound transitions, giving rise to characteristic

discontinuities in the spectrum).

Planck's Law:

E3 dE

J (E) dE = const eE/k T (i 1)

This laws characterizes the ra_!ation from a black body at a surface

temperature T.

4.4. l The Crab ;qebula

The NRL group in their Nov. lq64 .tligbt observed the

Crab Nebula with two X-ray counters provided with myla: _vindows 1/4 roll
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and i/2 railthickrespectively. The measured cotultingraces

(2.7 and I.6 per cm 2 sec) were cons stentwith a power-law spec(rum

of the type

dE
j(E)dE = const

I.I
E

The energ) range to which thisresellapplies extends from I.2 to

4.0 keV.

The Crab Nebula was el_c0observed by G. Clark by means of a

scintillationcounter flown with a balloon in luly 1964.(5) The pulses

were analyzed in fourchannels corresponding to (nominal)energies

from 15 to 28, from 28 to 42, from 42 to 67 and greaterthan 62 keV.

The counting ratesin the three lower channels (aftersubtr_,_Ltonof

background and corrpctionforatmospheric ansorption)were consistent

with a power-law spectrum of the type:

4

J(E)d_: = const dE
E 2

The higherchannel did not contain any statisticallysignificantsignal,

thus placing an upper limitto the flux. This upper limitindicatedan

increase in the logarithmicslope of the spectrum beyond 62 keV.

The experiments described above provided informationnot only

on the shapes of the spectrur but also on the absolute values of the flux

in the two l'egionsexplored. Itis thus possible to combine theirresults

intoa singlespectrum extending from about I to about 60 ke9". Itis also

possibleto compare the resultsrelativeto thisrange of energy with th?

fluxmeasurements in the visibleand in the radioregionsot the electro

magnetic spectrum, and with upper limitsthathave bee,_obtained __yvarious

experimentersforthe fluxin the y-ray region, from about 108 eV to about

1015 eV. The resultsof thlscompar,son are summarized in Fig. 35. It

.j "_
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i Fig. 35 Summary of experimental data on the spuctrum of electromagrmt,c radiation from
; the Crab Nebula.
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appearsth__the spectrunlofthe Grab Nebula may be approximated

by a singlepower law wRh exponentofabout I froma few eV to a few

I0 keVo Forhigherenerglesjhoweverp the spectrumbecomes considerably

steeper.Moreoverjinterstellarabsorptionmust producea "gap" inthe

spectrumwhich has notyet been observed,butwhose detailedexperimental-

investigate.onpromisestoaffordImportat_tit.formationon thecomposition

ofinterstellargases.

4.4.2 The SourcesNear theGalacticCenter

Ear'y results of the ASE-Mrr group on the atmospheric

attenuation of X-rays from these sources (as observed with Geiger counters)

were found to be ccnsistent with a black-body radiation corresponding

to a temperature of about l07 °IQ without, however, providing any

evidence for or against the assumption that the shape of the spectrum

was of this particular form. Later results for BcoX-1 by the NRL group

(based again on atmospheric absorption).gave an effective temperature

between 2 and 3 x 106 under the assumptionof a black-body spectrum. (11)

Additional data were obtained in 1964-1965 by the Lockheed group,

the ASE-Mrr groups and the NRL group. The results of the Lockheed group

refer to ScoX-1 alone. They are based on observations made witl_ the same

three proportional counters that also provided the data on the location of

this source (14) (T_ C_ and B in Fig. 32). Counters T and C had 5-rail

thick Be windows, counter B had a 0.5 rail thick A1 window. All counters i._

were 4. 0 cm deep and were filled tQ a pressure of 83 cm Hg with a mixture _ "_

of 90 percentargonand I0 percentmethane. Fromthe computedefficiency _

curves0theestimatedenergyresolutionofthecountersand the associated

circuitry_and theobservedpulseheightdistributions_theyobtainedthe
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energy spectrum shown in Fig. 36. No significant signal was observed

in the lowest channel so that only an upper limit could be placed to

the flux in the 2-4 key interval. This upper limit appears to indicate a

sharp drop-off of the spectrum below 4 keY; however, it has been reported

privately that the interpreteti._n of the measurements in the 2-4 key

channel is affected by considerable uncertainty.

The ASE group obtained spectral data in a rocket flight carried out

in August 1964_ as well as in the rocket flight of October 1964, mentioned
(15)

previously. The instrumentation of the August flight included a

bank of Geiger counters with Be windows of 9o 0 mg/cm 2 thickness,

filled with argon to a gas thickness of 5.4 mg/cm 2. The computed

-efficiency curve of this counter was checked by means of the beam from

a tungsten target, windowless X-ra_, tube operated at different voltages

• from 1.8 to 10 "keY. The counter bank was provided with a collimator

which made it possible to separate the signals received from ScoX-1

and _.om the sources near the galactic equator.

At launch two filters, one of 7. 0 mg/cm 2 Be (F-l) and one of

1.72 mg/cm 2 Mylar (F-2) were placed _n front of the counters. During

the flight, first one then the othm filter was removed so that the

counting rates with F-I and F-2, with F-I alone and with no filter

could be measured. Data relative to essentially a full precession cycle

are available for each of the three situations; therefore, no correction is

needed for a (_hange in the average angle of incidence of the radiation

: during the three measurements.

The results are summarized in Table II. Note, in the first place,

that the spectral information obtainable from these data refers to the

energy region for about 1 to about 10 keV. Note also that there is no

6O
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Fig.36 SpectraldistributionofX-raysfromScoX-Ias obtainedfrompulseheighto

distrJbuttonofa proportionalcounter.
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FILTER SOURCE C(X)NTI_ RATE ATTENUATION
COt_I rlON REGION MEASURED RELATIVE TO

ct$/sec NO FILTER

NO FILTER SCOX-i 620:1:20 l

FI SCOX-I 440_ 18 0.71:it.04
=,,i .,,, i , ..

F1 + F2 SCOX-! 350,17 0.56,.03
,.. , p,,,,.

NO FILTER GAL CEN 350,t8 1
-, ...... I

FI GAL.CEN . 240,18 0.70.*.06 ..;:
._ J ,,J .

._ -'_-,'."

FI+F2 GAL CEN 210,15 0.62,.05 ' l "

TYPICALBACKGROUNDRATE 30 cts/sec
...... ,,. j, .....

" TableII r_|terAbsorptionDataon X-raySources.
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statisticallysignificantdifferencebetween the attenuationsobserved

from ScoX-I and forthe sources near the galacticplane. Itturns out

thatth_ experimental resultsdo not permit a distinct._ between the

three types of spectra representedby Eqs. 6p 7j and 8. For each

assumed type of spectrum, however, they provide a determinationof

the characteristicparameter# to wit:

Power Law: _ = 1.1+ 0.3

Exponential Law: T -_(3.8± Io8) x 107 OK

Planck's Law: T = (9.I _+0.9) x 106 OK

The data are not consistentwith the sharp dropoffof the spectrum

below 4 keV tentativelyindicatedby the Lockheed results.

The instrumentationof the October.flightincluded a i_aIscintillation

counter_,provided with a suitablecollimator, The.pulse-heightdistributions

observed in the two source regions, with background subtractedjare

shown in F_.go37. The cut-off_eiow I0 key resultsfrom the electronic

threshold. Above 10 keY, the three pulse-helghtdistributionsare

significantlydifferent.The distributionobserved from ScoX-I fallsbelow

the miilimum detectable levelat about 18 key (a resultconsistentwith a

cut-offof the spectrum at about ]5 keV). On the othe:hande the combined

spectrum of the sources neat"the galacticplane extends to higher energies°

Ifwe now compare the Geiger counter data obtained in the Augus_

' flightwith the scintillationcounter data obtained in the October fllght,

we reach the followingconclusions.
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Fig. 37 _ulse height distributions of a Sodzum iodide (Na]) scintzllation detector, due _o
X-rays from 8coX-I and from the galactic center region.
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A black-body spectlun cannot fitboth sets of data foreither

ScoX-I or the sources near the galacticequator since such a spectrum

fallsoffwith increasingenergy much more rapidlythan the experimental

resdltsindicate. On the other hand, both a power law and an exponential

law, with the appropriatevalues ef the parameters mentioned previously,

can account forthe data obtained with the scintillationcounter as well

as wlth the Gelger counters. There Is, however, evidence that the

combined spectrum of the sources near the galacticequatoris somewhat

harderthan thatof ScoX-l.

The NRL group obtained spectralinformationon celestialX-ray

sources both during the ]rune 1964 flight,mentioned previously, and

during a flight caTrJed out in April 1965, whose results, so far, have

been described only in a preliminary report.

In the June 1964 flight, ScoX-1 was ob_erv_-_t qt different altitudes

during the descent of the rocket. From the measllred atmospheric

attenuation, it was concluded that of the flux detected at the highest

altitude about 1/3 was accounted for by photons with energies above 2 keV

and 2/3 by photons with energies between 1.2 and 2 keV.

In the April 1965 flight, the NRL group used four counters with the

following characteristics: (1) argon filling, 1 roll mylar window; (2)

argon filling, 1/4 rail mylar window; (3) neor filling, I/4 rail mylar window;

(4) helium filling, 1/4 rail mylar window. The relative counting fates of

these detectors, which had very different spectral response curves, were

found to be significantly different for different X-ray sources. These

differences indl,_ate differences in the spectra, ScoX-1 being one of the
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sources which appeared to have the softestspect--_tm,The results

concerning ScoX-I could not be accounted forby a black-body

spectrum. They also provided evidence fora strong increment of

fluxat long wavelengths, in marked disagreement with the tentative

resultsot.the Lockheed group.

To conclude this section, we summarize in Table Illsome

estimates forthe X-ray fluxes in two differentspectralregions from

the Crab Nebula, frc._ScoX-1 and from the source complex along the

galacticequators within 20° of the galacticcenter, Note thatthese

estimates depend, among otherthings, on the assumed shapes of the

spectrawhich are stillquite uncertain.

4,4.5 ..BackorouncRadiation

Since the earliestobservationsby the ASE-MIT

group, the existence of an isotropicX-ray-background has been indicated.

Informationon the background fluxis summarized in Fig. 38. The ratios

_, of the counting rateof the isotropiccomponent to peak Jtthe

counting ratefrom ScoX-1 forvarious experiments are plottedversus the

solidangle or correspondingto the fieldof view of the respectivemeasure-

ments, This ratiois insensitiveto the experimentalconditionsprovided the

spectraof ScoX-I and the background are essentiallysimilar. The ratio

_/'L / _ Sco where _B is the background fluxper unitsolidangle "
is: 4b

and @ Sco is the fluxdensity from ScoX-l. Results of the ASE-MIT measure- _

ments show that 4_ is roughly proportional to J_ as is expected if

the back_rround consists of X-rays distributed isotropicaUy, exoept for _ -"_-
£

one result which is suspected to be in error because of a partial failure of

the anttcoinctdence counter which rejected cosmic ray pmticles. AU other
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TABLEIII

_NTEGPATE,D ENERGY FLUX FOR ..VARIOUSX-RAY 8.OURCES AND TWO DIFFERENT

.RANGE8 OF PHOTON ENERGY

Spectral Energy
Range Flux

Source...........(keY) (erqsJ/cm2,,,,,sec Remarks

-8
Crab 1 to 10 2 x 10 NRL Data

20 to 30 (6 �2)x 10 -9 G. Clark Balloon Data

ScoX-1 1 to 10 (1.6 �0.4)x 10 -7 ASE Geiger COunter **
Data

-9*
20 to 30 < 6 x I0 ABE Scintillation

o Counter Data

m . _

Galactic 1 to 10 (0.4 x 10 -7 ASE Getter Counter **m

equator Data
Z.dt.g
SgrX-1 -9
ScoX-1 20 to 30 (t6 • 5) x 10 ABE Scintillation
and prob- ° Counter Data
ably several
_dditlonal
source8. )

• ReIxesents 2 r deviation above background; no significant excess was observed.

o "l
• _sumir_ E j,,ower spectrum,
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Fiq. 38 Comparison of observations of the X-ray background made by va.o.s _pert=emen.
The quantity 11 is the ratio of the counting rate of the back_lround to i_eak counting rate of
ScoX-I as o_.lerved in a given exPe_nmnt.

data were obtained without an anticoincidence counter and, hence, it

is understandable that they show slightly higher background fluxes. The

estimate o( the flux by NRL Is based on the difference of the counting

rate when the detector was lookin(_ upwards and downwards. The lower Limit

of NRL values of4_ is consistent with ASE-M1T results. Thu_s the back-

gL )ur_ component, Which is propo.-tional to the field of view of the de_.ector,

Is estimated as about 6 count/(cm z sec ster) in the 2 .- 8A bend. If we

consider the spectral response of the detector and the energy spectrum,

quanta/(c,n 2 :: .the flux may be as much as 10 sec st_r).

I"There is no evidence for anisotropy for any specific direction of 3-

galactic coordinate: e.g. say the direction of the Milky Way. Also. -._*_

there is no positive indication to show a bright atmospheric horizon or

any prefemnUal local azimuth. All J_fomation indicates that a back- _: ••
J

grolmd flux of extraterrestrial X-rays truly exists; however, it cannot

yet be excluded that a pottton of this background originates from the ._

F_lrth's mag,.atosphere. _ '_
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Space Administrationunder '3.-_.% _.']--.-_-_._-,_-c Z:-.___:_"':,kSv_-89_,

and by the United States Ato.-n,lc Ener_-iC.)c-Isslcr under Contract.

AT(30-1) 209t_.
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